Leaf 
INTRODUCTION
The fall armyworm (FAW) [Spodoptera frugiperda (J. E. Smith)] is a major pest of turfgrasses in the Americas and the Caribbean Basin. This pest is particularly damaging on turf in large contiguous areas such as pastures, sod farms, recreational parks and on golf courses. Larvae feed on above ground plant parts moving in mass across the landscape. Most established warm-season grasses will recover from FAW damage if properly cared for after an infestation. However, newly established turf is particularly susceptible to FAW damage due to its limited root system and carbohydrate reserves. Some cool-season grasses, including bluegrasses and fescues, can be permanently damaged if the meristematic region of the plant is consumed (Brandenburg and Villani, 1995) . Many genotypes of turf and forage grasses have been reported to have varying levels of resistance to FAW as summarized by Reinert et al. (2004) . Resistance to FAW in bermudagrass, (Cynodon dactylon Pers. var. 'Tifton 292'), was first reported by Leuck 508 et al. (1968) . Tifton 292 was reported to have high levels of non-preference and antibiosis to FAW (Lynch et al., 1983; Chang et al., 1985a) . Chang et al. (1985b) reported wing pad deformities in FAW pupae and/or serious lesions in adult wings when Tifton 292 bermudagrass leaf extracts were incorporated into diet mixtures and fed to neonate FAW larvae. However, Jamjanya and Quisenberry (1988) found only moderate resistance in Tifton 292. Leuck and Skinner (1970) reported that mortality of FAW was greater on Georgia accession No. 239 bermudagrass than on >Coastal= bermudagrass. Resistance to FAW has also been documented in 'Common' centipedegrass [Eremochloa ophiuroides (Munro) Hackel] (Wiseman et al., 1982) . Chang et al. (1985a) reported that the order of preference of FAW larvae for six grasses tested was 'Tifton 10' bermudagrass > Coastal bermudagrass > common centipedegrass > 'C-181' centipedegrass > Tifton 292 bermudagrass > zoysiagrass (no cultivars identified). In no-choice feeding experiments, Reinert (1994 Reinert ( , 1997 Reinert ( , 1998 determined that FAW larvae had higher mortality levels when fed excised leaf tissue of zoysiagrasses (Zoysia spp.) cultivars, 'Cavalier', 'Meyer', 'El Toro' and 'Emerald' compared to 'Crowne' and 'Palisades'.
Plants produce a wide array of naturally occurring chemicals that are believed to provide defense against herbivore and pathogen attack. Two groups of these naturally occurring chemicals that have been shown to have biocidal properties against FAW in laboratory bioassays are caffeic acid derivatives, primarily chlorogenic acid, and flavonoids such as maysin, luteolin, rutin and isoorientin. Research studies conducted on the interaction of these chemicals and insect biology vary in their results. Chlorogenic acid and flavonoid-glycosides added to diet media reduce FAW larval weights and increase FAW mortality in laboratory bioassay (Wiseman et al., 1982 (Wiseman et al., , 1992 Johnson et al., 2002) . Wiseman et al. (1990) reported that chlorogenic acid, maysin and other luteolin-glycosides are the major factors for the antibiotic resistance of centipedegrass to FAW. Silks of Zapalote Chico, an exotic corn cultivar, contain high levels of maysin that severely reduced corn earworm [Helicoverpa zea (Boddie)] larval growth and development (Waiss et al., 1979) . Maysin and other luteolins were reported to be responsible for resistance of teosinte, an ancestor of corn, to FAW (Gueldner, 1991) . Cole (1984) reported that high levels of isochlorogenic acid in lettuce (Lactuca sativa L.) increased resistance to the root aphid [Pemphigus bursarius (L.)]. Johnson and Severson (1989) reported that the weights of larvae of the tobacco budworm [Heliothis virescens (F.)] were depressed by chlorogenic acid. However, Lindroth and Peterson (1988) reported that chlorogenic acid had no effect on southern armyworm [Spodoptera eridania (Cramer)].
The purpose of our study was to determine if previously observed variability in FAW resistance was associated with the concentrations of polyphenol and flavonoid in the zoysiagrass cultivars. Secondly, we wanted to determine the impact of N fertilization on the concentration of polyphenols and flavonoids in these cultivars.
MATERIALS AND METHODS

Plant Material
The study was conducted at the Texas A&M University Field Laboratory, College Station, TX on a fine, montmorillontic, thermic Vertic Albaqualfs. Six zoysiagrasses cultivars {>Crowne= (Z. japonica Steud.), >Palisades= (Z. japonica Steud.), >El Toro= (Z. japonica Steud.), >Meyer= (Z. japonica Steud.), >Cavalier= [Z. matrella (L.) Merr.], and 'Emerald' (Z. japonica Stued. × Z. tenuifolia Willd. ex Trin.} were planted by sprigging on 7 May 1996 in a randomized split-plot design with 4 replicates using cultivars as the main plot and N treatments as the split plots. Grasses were grown for about 2 years prior to the initial tissue sampling for this study. Whole plots were 3.6 m wide and 5.5 m in length. N was applied as (NH 4 ) 2 SO 4 at 12.2 and 48.9 kg of N ha -1 month -1 to the respective split plots during the growing season beginning at planting and continuing throughout the duration of the experiment. The plots were irrigated twice each week during the growing season to replace 70% of evaporation from a Class A Pan to prevent moisture stress. All treatments were mowed twice each week with a reel mower adjusted to provide a turfgrass canopy height of 6.25 cm throughout the duration of the experiment.
Extraction
Leaf tissue from the upper one-third of the plants in each treatment was harvested monthly with scissors and the samples were frozen in liquid N 2 . Larvae of FAW are generally found feeding on the youngest leaves near the top of the grass plant, therefore, only this portion of the canopy was sampled. The samples of frozen leaf blades were ground to a fine powder using a mortar and pestle. Ground leaf tissue (0.1 g) from each sample was covered with 1 ml of extraction solution that included methanol (MeOH) and esculin, an internal standard. Esculin was used as a standard for several reasons. It is a phenolic compound soluble in H 2 O and is similar in shape to some flavonoids found in grasses. All MeOH and H 2 O solutions used in the extraction, purification and injection procedures contained 0.1% H 3 PO 4 . The samples of grass and extraction solutions were sonicated for 15 min in an ice water bath. Samples were passed through a Supor®-200 13 mm 0.2 μm membrane filter, dried in an AES2000 Savant (Savant Instruments Inc., Farmingdale, NY), and resolved in a 1 ml solution of double distilled H 2 O.
Sample Purification
The samples were partitioned 3 times with 1 ml of CH 2 Cl 2 . The aqueous solution was retained while the CH 2 Cl 2 solution was discarded. Samples were then dried on 0.3 g of Celite. Each sample was introduced onto a silica sep-pak cartridge (Millipore Corporation, Milford, MA 01757 ) with a syringe and washed with 5 ml of CH 2 Cl 2 , which was discarded. The samples were then washed with 5 ml of 40:60 EtOAc:acetone. The final wash with 5 ml of MeOH was collected, dried and resolved in 1 ml of 70:30 H 2 O:MeOH.
Chromatographic Analysis
Chromatograms were obtained using a Nucleosil, 5μm, C18 reverse-phase column (250 X 4.6 mm) (Sigma-Aldrich, 1001 West Saint Paul Avenue, Milwaukee, WI 53233) and a Waters model 600E system controller equipped with a Waters 996 photodiode array detector and a Waters 717 autosampler (Millipore Corporation, Milford, MA 01757) . MeOH and double distilled water containing 0.1% orthophosphoric acid (H 3 PO 4 ) were used as solvents in a linear gradient method with an initial ratio of 70:30 H 2 O:MeOH changing to 100% MeOH in 35 min, and aliquots analyzed by reversed-phase highperformance liquid chromatography (HPLC) with a flow rate of 0.85 ml min -1 and detection at 340 nm. Data were collected and analyzed with the Millennium 2010 chromatography manager (Millipore Corporation, Milford, MA 01757 ) using valley-tovalley integration to determine the concentration of each flavonoid detected. The gradient method used caused baseline-shifting resulting in a peak or peaks to be generated on top of the baseline rise. Valley-to-valley integration is used to resolve fused peaks caused by baseline rise (Millipore, 1993a, b) . The areas associated with each peak were converted to µg of compound per mg of fresh leaf tissue using the following formula developed from a standard curve: µg mg -1 = 4.016 * 10 -7 x -2.158*10 -4 Where x = area of each peak Selected peaks in each chromatogram were marked for integration to insure an accurate estimation of concentration.
Cumulative Mortality
Cumulative mortality was determined by five laboratory experiments conducted by Reinert et al. (1994 Reinert et al. ( , 1997 Reinert et al. ( , 1998 . Three experiments were initiated with neonate larvae and two were initiated with 4-d-old larvae reared on 'Laser' rough bluegrass (Poa trivialis L.) a highly susceptible host. Seventy-eight neonate and 42 4-d-old larvae were exposed in groups of three larvae to excised leaves (changed daily) of 510 the zoysiagrasses cultivars in feeding chambers. Zoysiagrass genotypes were maintained in the greenhouse and grown in cell trays (each cell measuring 7.5 x 7.5 cm and 4 cm deep). Clippings from these plants were used to feed the FAW larvae in no-choice laboratory experiments. The experiments were conducted when plants were actively growing. Experiments were set up in the laboratory using 9-cm diam. x 20 mm deep plastic Petri dishes as larvae feeding chambers. Each dish was provided with two water saturated 7.5-cm filter paper discs. Water was added to the filter paper as needed to keep it saturated to maintain turgid grass tissue. Each dish was provided with a small amount of fresh leaf tissue (ca. 3 g) of the respective grass entries. Grass was added or replaced daily or every-other-day throughout the experiment so that turgid fresh grass was always available to the developing larvae.
For these studies, a colony of fall armyworm larvae was reared on fresh tissue of 'Laser' rough bluegrass, Poa trivialis L., which serves as an excellent host with high survival. In each experiment, three 4-d-old larvae were randomly selected from the colony and placed on the grass in each dish and dishes were arranged in a randomized complete block design with eight replicates. The percent of surviving larvae was recorded at ca. 7-d intervals for 21 d. The total number of larvae tested and the number of larvae surviving to 21 d for each cultivar shared in a feeding trial was used to calculate a shared survival ratio. The mean mortality for each type of experiment (neonate larvae or 4-d-old larvae) was calculated by multiplying the total number of larvae tested by the shared survival ratio (Table 3) .
Data Analysis
Concentration of eight polyphenols and flavonoids (µg mg -1 ) was subjected to an analysis of variance using the General Linear Model (GLM) procedure. Flavonoids that were not present in considerable levels were dropped from the analysis. When a significant F ratio (p ≤ 0.05) occurred for a treatment effect, Student-Newman-Keuls multiple range test was used for mean comparisons (Zar, 1984; SAS Institute, 1988) .
The relationships between resistance and MeOH leaf extracts were investigated using regression analysis. The regression procedure fitted linear regression models by least squares. Subsets of independent variables that best predicted the dependent or response variable were determined by various model-selection methods. Dependent variables were analyzed using the SAS regression procedure STEPWISE® that used forward selection and backward elimination to find a subset of quantitative variables that best revealed differences among the classes. Simple multiple regressions including first order interactions, were performed in a stepwise manner with deletion of terms occurring when P values for the t test exceeded 0.15 (SAS Institute, 1988) .
RESULTS AND DISCUSSION
Chromatograms of six zoysiagrass cultivars revealed that MeOH extracts of fresh leaf tissue contained mostly luteolin c-glycosides (L2-L13) and one other flavonoid, chlorogenic acid (Fig. 1) . Total polyphenol and flavonoid concentration varies by cultivar and sampling date (Fig. 2) . For the June 1998 samples, total polyphenol and flavonoid content was greater for 'Emerald' and 'Crowne' than for 'Cavalier', which exhibited the strong resistance to FAW. 'Meyer', 'Crowne', and 'El Toro' also contained greater levels of total polyphenols and flavonoids than 'Cavalier' and 'Emerald' in July. 'Meyer' was the only cultivar that had an increase in total flavonoid concentration in July compared to June. All of the other cultivars had a decrease in concentration of flavonoids from June to August. There were no differences among cultivars for total flavonoid content in August.
Nitrogen fertilization and sampling date directly affected flavonoid concentration (Table 1) . Individual peak concentrations were greater for the 12.2 kg N ha -1 month -1 treatment than for the 48.9 kg N ha -1 month -1 treatment in 4 of the 8 flavonoids analyzed and for their combined total. Most of the flavonoids affected by N fertilization were eluted after 15.5 min (Fig. 1) . Vigorously growing plants probably produce more compounds directly associated with growth and development than compounds associated with secondary functions (Sadasivam and Thayumanavan, 2003) . Further analysis of flavonoid content (Table 1) revealed that mean total concentration for all of the cultivars combined was greatest in June but decreased through July and August. Flavonoid concentration detected in these zoysiagrass cultivars may not have been sufficient to have biological activity against FAW. Wiseman et al. (1992) reported that maysin, a flavonoid glycoside, must make up approximately 0.2% of the fresh leaf weight for Zea maize L. to provide resistance to FAW. Our analysis indicates that in June, the total MeOH leaf extract content was only 0.028% of fresh leaf weight and possibly not enough to provide a high resistance level (Table 1) . Results of this experiment imply that increased N fertilization of resistant turfgrass cultivars may decrease resistance to leaf feeding insects if resistance is due to naturally occurring chemicals within the plant. This phenomenon of reduced resistance due to increased rates of N has often been observed in field plots by the author (JAR).
Feeding trials of FAW larvae on zoysiagrass cultivars conducted by Reinert et al. from 1996 Reinert et al. from -2001 were combined and used as a percent mortality variable in correlations between flavonoids and FAW resistance ( Table 2 ). The trials were conducted with both greenhouse grown and field grown tissue over several years and under different growing conditions. This variability in growing conditions offers the best information for the evaluation of resistance to FAW by zoysiagrass cultivars available to date. We chose to use percent mortality as the primary measure of resistance since death of larvae is the most desired outcome of resistance.
Results for the stepwise regression analysis of flavonoid concentration compared to insect resistance in no-choice feeding experiments are given in Table 3 . Luteolins 3, 9, 2 and chlorogenic acid extracted from leaf tissue harvested in June accounted for 77% of the variation in mortality of FAW in no-choice feeding trials initiated with neonate larvae. Luteolins 3, 9, 2 and chlorogenic acid extracted from leaf tissue harvested in June accounted for 71% of the variation in mortality of FAW in no-choice feeding trials initiated with 4-d-old larvae. Luteolins 3, 9, 8 and total flavonoid concentration extracted from leaf tissue harvested in July accounted for 77% of the variation in mortality of FAW in no-choice feeding trials initiated with neonate larvae. Luteolins 3, 9 and 1 extracted from leaf tissue harvested in July accounted for 66% of the variation in mortality of FAW in no-choice feeding trials initiated with 4-d-old larvae. Luteolins 3 and 9 extracted from leaf tissue harvested in August accounted for 76% of the variation in mortality of FAW in no-choice feeding trials initiated with neonate larvae. Also, Luteolins 3, 9 and 6 extracted from leaf tissue harvested in August accounted for 65% of the variation in mortality of FAW in no-choice feeding trials initiated with 4-d-old larvae. Luteolin 9 was strongly correlated with resistance based on the mortality model and was positively related to FAW mortality. The results for regression analysis indicated that luteolin 3 and 9 are significant components of resistance models based on two types of feeding experiments and cumulative mortality. Flavonoid concentration in zoysiagrasses did not appear to be concentrated enough in the cultivars tested to have biological activity (Wiseman et al., 1992) . Therefore, it is unclear if luteolin 9 is responsible for the antibiosis to FAW in zoysiagrass.
CONCLUSIONS
The results of this study indicated that there are differences in flavonoids concentration among the zoysiagrass cultivars that were tested. Luteolins 3 and 9 were consistently associated with zoysiagrass resistance to fall armyworm based on mortality data generated by no-choice feeding experiments initiated with both neonate and 4-d-old larvae. This research did not confirm whether levels of MeOH leaf extracts found in zoysiagrass is adequate to affect biocidal activity to FAW larvae. However, this research demonstrated a sufficiently strong association of flavonoid concentration, N rate and sampling date with FAW resistance to warrant further research on management strategies of resistant turfgrass cultivars and biochemical activity of compounds found in the leaf chemistry of Zoysia spp. 2 Data from June, July, and August 1998 were combined for analysis. Nitrogen rates are in kg N ha -1 month -1 . 3 Mean peak concentration (µg mg -1 ) within a column and N rate or date followed by the same letter is not significantly different by Student-Newman-Keuls method (P = 0.05). 4 Data from plots fertilized with 12.2 kg N ha -1 month -1 and 48.9 kg N ha -1 month -1 were combined for analysis.
Tables
515 Table 2 . Cumulative mortality of Spodoptera frugiperda in five no-choice feeding experiments conducted by Reinert et al. (1994 Reinert et al. ( , 1997 Reinert et al. ( , 1998 Compounds that were not significant at α = 0.15 were excluded from the regression model. 2 CA = Chlorogenic acid; Lut = Luteolins. 3 Partial r 2 represents the amount of variation accounted for by each variable introduced into the model. 4 The model r 2 represents the amount of variation accounted for by all of the variables in the model. 5 Probability value of the F test. 6 The slope of the model indicates the relationship between the secondary plant metabolite and mortality. 
